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ABSTRACT 

We report measurements and analysis of high-velocity (> 20,000 km s~^) and photospheric ab- 
sorption features in a sequence of spectra of SN la 2009ig obtained between — 14 d and -1-13 d with 
respect to the time of i3-band maximum light, _B-max. We identify lines of Si II, Si III, S II, Ca II, 
and Fe II that produce simultaneous high-velocity (HV) and photospheric velocity (PS) components 
from —12 d to —5 d. SN 2009ig is unusual in the number of lines with detectable HV features in its 
spectra but the light-curve parameters, Mb = —19.46 mag and Ami5(B) = 0.90 mag, correspond to 
a slightly overluminous but unexceptional SN la. The velocity of 13,400 km s~^ for Si II A6355 at 
the time of i?-max is above "normal" for SN la but not unusual. The early start and high cadence of 
our data permit a detailed study of the transition in SN la from features dominated by high-velocity 
components to features with exclusively photospheric components. The —14 d and —13 d spectra in 
our sample are the first to clearly resolve high-velocity Si II A6355 as a separate feature and not part 
of a blend with the photospheric component. HV features are found in a narrow range of velocities 
with a dispersion of less than 2000 km s""'^ from — 12 d to —5 d. PS features are clearly detected at 
— 12 d and become stronger through the time of B-max. The HV and PS regions maintain a constant 
separation of about 8000 km s^^. With a complete picture of the contributions from both HV and PS 
features, we can place early observations of other SN la in context and show that HV features from 
multiple lines appear in SN la for nearly all observations obtained more than 10 d before maximum 
brightness. 

Subject headings: supernovae: general — supernovae: individual (SN 2009ig) — line: formation — line: 
identification) 



1. INTRODUCTION 

Research on Type la supernovae (SN la) has been 
guided for many years by the general agreement that 
the progenitors are carbon-oxy gen (C/0) white dwar f 
stars (WD) as first predicted bv lHovle fc Fowleil ()1960D . 
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This hypothesis is based on observational and theoret- 
ical evidence that the thermonuclear burning of a C/0 
WD can produce light curves and spectra that are very 
similar to those observed for SN la. Beyond that general 
statement, we lack many details concerning progenitor 
compositions and the physics of the explosions. In order 
to increase the utility of SN la as distance indicators we 
must improve our ability to model these events and pre- 
dict their intrinsic brightness. Thus, observations that 
provide new information about the chemical structure of 
a SN la are exceptionally valuable. 

High- velocity (> 20,000 km s~^) absorption features 
from Ca II are frequently identified in early-time spectra 
of SN la at velocities of several thousand km s~^ above 
the typical photospheric (PS) velocities. But identifica- 
tions of high-velocity (HV) features from other elements 
are rare and the presence of HV lines is inferred from 
unusual line profiles rather than by direct detection. In 
this paper we identify, measure, and compare HV and 
PS absorption features of Si II, Si III, S II, Ca II, and 
Fe II in a sequence of optical spectra of SN la 2009ig. 

All spectra in this sample obtained earlier than three 
days after the time of i3 -band maximum ( _B-max) were 
previously published by iFolev et all (|2012[ ) . They also 
determined the rise time of SN 2009ig and date of max- 
imum brightness with sufficient accuracy that the time 
of explosion is well constrained, and we can say that the 
first spectrum in our sample was obtained 2.6 d after the 
explosion. The two earliest spectra (—14.5 d, —13.5 d) 
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are the first to clearly resolve high-velocity Si II A6355 as 
a separate feature and not part of a blend with the pho- 
tospheric component, and the sample has a high cadence 
that covers 25 of the 28 days between — 14 d and +13 d 
with respect to the time of i?-max. Both of these charac- 
teristics are required to accurately and completely map 
the transition from features in early spectra of SN la that 
are initially dominated by high- velocity line-forming re- 
gions to the time when the spectral features are produced 
exclusively in line-forming regions near the photosphere. 

The velocities of the HV and PS regions in SN 2009ig 
are separated by a nearly constant 8000 km s~^ from —12 
d until HV features are no longer detected at — 5 d. SN la 
ejecta move in homologous expansion after the explosion, 
so measured velocities from the absorption features are 
proportional to the distances from the center of the SN. 
Consequently, a line-forming region that produces high- 
velocity absorption features is exterior to a region that 
produces features observed at lower velocities. 

Possible explanations for the existence of HV fea- 
tures include uneven density pro files in the ejecta 
(jMazzali. Benetti. fc Al tavilla' '2005"), a cl umpy struc- 
ture or a thick torus (Tanaka ct al.l 120061 ) . and inter- 
action between the S N ejecta and surrounding material 
(|Gerardv et al.l [20041) . Evidence for polari zation in HV 
featur es of SN la 2012fr is presented by iMaund et al.l 
(|2013f ). who suggest that the HV regions may not be 
spherically symmetric. We are a long way from a con- 
sensus on the source of HV line-forming regions in SN la. 

Ca II H&K (Amcan = 3945 A) and the Ca II near- 
infrared triplet (IR3; Amoan = 8579 A) are the strongest 
lines in early-time spectra of SN la. Early detec- 
tions of HV Ca II in SN la have be en reported an d 
discussed by iHatano et al.l fl999). Fish er et al.l (I1997D. 
I Wang et al.f (I2003D. iGerardv et al.. (.200411 . iBranch et al ' 



([2008 r ~lTanaka et al.l (I2008D . iBranch. Dang, fc Baron 
(j200a . iMarion et aLr(|2009f ). and others. HV Ca II fea- 
tures are usually detected in SN la at least one week prior 
to the time of i3- max, but HV Ca II can occur a,s late 
as maximum light. iMazzah. Benetti. fc Altavillal ()2005D 
assert that all spectra of SN la observed more than one 
week before maximum will have features of HV Ca II. 

Although these two strong Ca II lines produce the most 
commonly observed HV features in spectra of SN l a, they 
are ra rely observed at the same time. Childress et al.l 
(|2013f) present a sequence of spectra of SN 2012fr that is 
similar in many ways to our sample of SN 2009ig. They 
display and discuss both Ca II lines from multiple ob- 
servations obtained between — 14 d and +26 d, but they 
find the behavior of the Ca II features in SN 2G12fr to 
differ from usual in SN la. 

The spectra of SN 2009ig cover both Ca II H&K 
and the IRS simultaneously, providing an opportunity to 
compare the evolution of their features. The results are 
strengthened when observations of the two Ca II lines at 
opposite ends of the optical spectrum agree. The behav- 
ior of simul taneous HV and P S fea tures from Ca II w as 
explored bv lWang etall (|2006t ) and lPatat eFall ()2009D . 

HV features in SN la from lines other than Ca II 
are much less co mmon. HV f e atures o f Si II A6355 
are reported by 'Mattila et al.' ('2005'), 'Quimbv et al.l 
(120061 Stanishev e t al. (2 0071 Garayini et al. (200^ 
iTanaka et al.l (|2608l ). and IWang et all (|2009af ) . Evidence 
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Fig. 1.— BVRI light curves of SN 2009ig obtained at the 
Tsinghua-NAOC Telescope (TNT). The black solid line is the 
MLCS2k2 fit and the dotted lines are the Icr boundaries. Template 
fitting gives Mg = -19.5 mag on Sep. 6.0 with Amis{B) = 0.90 
mag. 



for HV f eatures from F e II is d isc ussed by IBranch et al.l 
[200 ^. IBranch et al.1 (l200l. 'Branch et al.l (120017 
iHatario et al.l ( 'l999[ ). and iMazzali. Benetti. fc Altavillal 
These results are based on observations of fewer 
than 20 SN la and none of the data clearly resolve the 

H V componen ts. 

iFolev et al.l (|2012( ) used the same premaximum data 
of SN 2009ig to identify and discuss differences in line 
profiles of both Ca II lines and Si II A6355. They revealed 
the two-component nature of early Si II A6355 features 
in SN 2009ig and proposed that HV may be ubiquitous 
in SN la. 

Here we focus on the location and composition of mul- 
tiple, simultaneous line-forming regions. In particular, 
we explore the characteristics of HV and PS features 
from lines that are not Ca II. We directly compare the 
development of Si II A6355 features in the spectra of 
SN 2009ig to the lChildress et al.l ()2013[ ) sequence of spec- 
tra of SN 2012fr covering the interval from —14 d to +0 
d. 

In ij2] of this paper we describe the observations and 
data reduction. Challenges and techniques for line iden- 
tification are presented in fj3l The characteristics of HV 
features and descriptions of the measurements are given 
in 121 We present photospheric features and measure- 
ments in fj5l Section [5] discusses the composition and 
location of the HV and PS line-forming regions. The re- 
sults from SN 2009ig are compared to other SN la in ijTl 
Section [8] presents a summary and conclusions. 

2. OBSERVATIONS 

SN 2009ig was disc overed by the Lic k Ob serva- 
tory Supernova Search iFilippenkol (LOSS; 1200 It) with 
the 0.76 m Katzman Automatic Imaging Telescope 
(KAIT) in NGC 1015 (redshift z = 0.008770; 
NED) at a magnitude of 17.5 on A ug. 20.5, 2009 
(|Kleiser. Cenko. Li fc Filippenkdl200l ). The last known 
nondetection was also by LOSS/KAIT on Aug. 16 to a 
limiting magnitude of 18.7. On Aug. 21.1 the first spec- 
trum was obtained with the Asiago 1 .82 ni telescope by 
iNavasardvan. Cappellaro. fc BenettH (|2009D . This spec- 
trum revealed characteristics of a SN la very soon af- 
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Fig. 2. — Spectra of SN 2009ig obtained between —14 d (top) and +13 d (bottom) with respect to the time of B-max (Sep. 6.0). The 
spectra are placed to aUgn the continuum near 4700 A with the phase as indicated on the ordinate. Fringing is apparent at the extreme red 
ends in a few of the spectra. Ca II features are visible near 3800 A for H&K and near 8000 A for IRS. Si II A6355 is evident near 5900 A. 
HV components dominate the earliest spectra, PS features are strongest after —8 d, and there is a period of transition when both HV and 
PS features have about equal strength. So me of these spectra include data from different sources obtained at nearly the same time. See 
Table [T] for details of the observations and ^ 12.21 for an explanation of how the spectra were merged. 
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ter the explosion, such as a high expansion velocity for 
Si II A6355 (24,500 km s"^) and the nondetection of Si II 
A5971 and S II A5641. Because SN 2009ig was nearby 
and the detection was very early, we were presented with 
a unique opportunity to conduct extensive early obser- 
vations of a SN la. 

2.1. Photometry 

Photometric data were obtained in the UBVI bands 
with the 0.8 m Tsinghua-NAOC Telescope (TNT). The 
telescope is located at Xinglong Station of the National 
Astronomical Observatory of China which is 180 km from 
Beijing. Details of the T NT, detectors , and observing 
conditions are described bv lWang etall ([lOOS:;). All pho- 
tometric data were reduced using standard IRAF pack- 
ages. 

The light curves were fit to MLCS2k2 templates 
(iJha. Riess. fc Kirshneil I2007D . The light curves and 
the best-fit templates are displayed in Figure [U We 
adop ted Ay (gal) = 0.089 mag for t he Milky Way extinc- 
tion (jSchlafiy fc Finkbeiner 1 12007[ ) and a time of max- 
imum B-band brightness of r(Bmax = 55080.50 MJD 
(Sep. 6.0; UT dates are used throughout this paper). 
MLCS2k2 finds A = -0.24 ± 0.08 for the best-fit light- 
curve parameter, fiQ — 32.82 ± 0.09 mag for the dis- 
tance modulus (assuming Hq = 73 km s~-^ Mpc~^), and 
Ay (host) = O.OibO.Ol mag for the host-galaxy extinction. 

From the MLCS2k2 results we find Afs = -19.46±0.12 
and Mv = -19.42 ± 0.12 mag on Sep. 6.0, 2009. The 
A = —0.24 parameter corresponds to a decline-rate value 
of Ami5{B) ~ 0.90±0.07 mag. These values suggest that 
SN 2009ig is slightly more luminous and has a slower 
decline rate than a "normal" SN la, but the AIb and 
Ami5(i?) values are not exceptional. 

These p a ramet ers are consistent with those of 
iFolev et al.l (|2012[ ). who used KAIT and Swift photom- 
etry of SN 2009ig to derive values of fio = 32.96 ± 0.02 
mag and Av{iiost) = 0.01 ± 0.01 mag. Small differences 
in the photometric parameters have no effect on the spec- 
troscopic results presented in this paper. 

2.2. Spectroscopy 

Our complete sample includes 32 optical spectra of 
SN la 2009ig obtained from -14.5 d to +12.5 d with 
respect to the time of B-max for SN 2009ig (Sep. 6.0). 
Spectra obtained bef ore Sep. 9, 2009 ( -1-3 d) were pre- 
viously published by iFolev et al.l ([20121 ) . In most cases 
where the phase is discussed in the text we round the 
value to whole days for simplicity. The Swift J7-grism 
spectra are included in this list of "optical" spectra since 
we only use the portion of these spectra at 3200-4400 A 
for our analysis. 

Figure [2] displays spectra obtained on 25 of the 28 
nights between — 14 d and -1-13 d. The sample lacks ob- 
servations only at +1 d, +2 d, and +7 d. The max- 
imum wavelength range of 3200-9000 A reaches both 
Ca II HfcK lines at the blue end and the Ca II near- 
infrared triplet at the red end. Full wavelength coverage 
is achieved on every night from — 14 d to — 5 d. 

For some of the observation dates, data were obtained 
from two sources within a few hours of each other that 
cover slightly different wavelengths. We combine two 
datasets obtained at nearly the same time into a sin- 
gle spectrum by trimming the data from one source at a 
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Fig. 3. — The Si II A6355 absorption feature in two sequences 
of spectra obtained between — 14 d and +0 d of SN 2009ig (left) 
and SN 2012fr (right). The line-profiles clearly require separate 
HV and PS components. For SN 2009ig, the HV is dominant from 
— 14 to —12 d and PS is strongest from — 10 d to +0 d. A period 
of transition from —12 d to —8 d includes contributions from both 
HV and PS. For SN 2012fr, the timing of all transitions is ~ 2 
d later, the absorption features are narrower and they have lower 
velocities. Dotted lines at 21,500 and 13,000 km s~^ represent 
the approximate locations of the HV and PS regions in SN 2009ig. 
Positive values are used for velocities of blueshifted features. Nar- 
row Na I D features are visible in the data of SN 2009ig at about 
23,500 km s-\ which is zero velocity for Na D, and at 24,200 km 
s-i, which is the velocity of NGC 1015. 

specific wavelength and continuing from that wavelength 
with data from the other source without overlap. The 
transition points are selected to optimize the signal-to- 
noise ratio for the combined spectrum. Spectral features 
in SN la change rapidly at early times, but a daily ca- 
dence will effectively trace the development of individual 
features. The use of only one spectrum per day makes it 
easier to measure and display the data. A complete list of 
the observational details can be found in Table [T] includ- 
ing the wavelengths at which the spectra were joined. 

For all ground based spectroscopy, the slit was gen- 
erally oriented along the parallactic angle to minimize 
differential slit losses caused by atmospheric dispersion 
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(|FiliDDenkolll982D . SN 2009ig was observed using the 
Shane 3 m tel escope at Lick Observ atory with the Kast 
spectrograph (jMiller fc Stond I1993D on Aug. 22, 24, 
25, 27, and 28. An additional spectrum was obtained 
on Aug. 22 at the 10 m Keck I telescope with LRIS 
(jOke et al.lll995n equipped with an atmospheric disper- 
sion corrector. At 14 d before the time of i3-max, the 
Aug. 22 observations from Lick and Keck are among the 
earliest spectra ever obtained of a SN la. The Lick/Kast 
spectra used a 600/4310 grism on the blue side and a 
300/7500 grating on the red side with a 2" wide slit. 
The Kcck/LRIS spectrum was obtained with a 400/3400 
grism on the blue side and a 600/7500 grating on the red 
side using a 1" wide slit. 

The 9.2 m Hobby-Eberly Telescope (HET; 

iRamsev et al.l ()1998D) with the Marcario Low-Resolution 
Spectrograph (LRS, (Hill et al.l (|1998D ) was used to ob- 
serve SN 2009ig on Aug. 23 (-13 d). Additional HET 
observations were made on Aug. 29, 30, and 31, and on 
Sep. 2, 3, 4, 5, 9, 10, and 14. The HET/LRS spectra 
have an effective wavelength range of 4400-9200 A. 
Reduction of the HET/LRS data was also conducted 
with standard IRAF procedures. 

Low-dispersion spectra of SN 2009ig were obtained on 
Aug. 26, 27, 28, 29, and 30 using the 6.5 m MMT 
with the Blue Channel spectrograph, covering the wave- 
length range 3200-8200 A. CCD processing and spec- 
trum extraction for these observations were completed 
with IRAF and t he data were extracted with the op- 
timal algorithm of iHornd ()1986f) . After the wavelength 
calibration was derived from low-order polynomial fits to 
calibration-lamp spectra, additional small adjustments 
were applied by cross-correlating a template sky spec- 
trum to the night-sky lines that were extracted with 
the SN. IDL routines were used to flux calibrate the 
data and to remove telluric lines (iWade fc Hornd [T988I : 
iMatheson et al.ll2000l : iFolev et al.l[2003[ )! 

The Swift satellite observed SN 2009ig with the 
UV gris m mode of th e Ultraviolet/Optical Telescope 
(UVOT: iRoming et al.l QOOS^)) on board the spacecraft 
(iGehrels et al .1 120041) . Swift data were obtained on Aug. 
23, 25, and 27, and on Sep. 1, 3, and 6. We do not use all 
of the Swift data for our analysis, but the complete se- 
quence of Swift spectr a and photorn etric measurements 
can be found in Folev et al.l (j2012| ). Swift data were 
extracted and reduced using the uvotimgrism package 
of FTOOLS. The effective wavelength coverage is 1700- 
4900 A, but for this analysis we use only a small portion 
of the Swift spectra covering the wavelength region 3200- 
4400 A that contains the Ca II H&K feature. 

3. LINE IDENTIFICATIONS 

Baseline parameters are established for HV and PS fea- 
tures from unambiguous and unblended lines such as Si II 
A6355 (Figure [3]). Throughout this paper we express 
blueshifted velocities with positive values. In addition 
to measuring the velocities of the absorption minima at 
each phase, we note the phases of initial detection for 
each line, the duration that each line produces detectable 
features, and the relative strengths of the features pro- 
duced. These characteristics are used to guide our search 
for other lines that are expected to form absorption fea- 
tures under similar conditions. 
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Fig. 4. — Gaussian profiles are used to find minima in blended 
absorption features where one of the components does not have 
a distinct minimum. This example shows the Si II A6355 feature 
in the MMT spectrum of SN 2009ig obtained on Aug. 27 (-9 
d). The PS component is dominant, but there is clear evidence 
for a contribution from the HV component. The solid blue line 
is a Gaussian with a minimum at 20,700 km s~^ that fits the 
HV component. The dotted lines are for Gaussians with minima 
shifted by 1000 km and they obviously do not fit the data. 
Such features can usually be fit by eye with an uncertainty of < 
500 km s~^. The photospheric feature is fit with a Gaussian (green 
line) having a minimum at 14,400 km s~^. 

Using the parameters from easily identified lines, we 
search the spectra for features that correlate with other 
lines at similar velocities and with similar characteris- 
tics. The fact that multiple lines are producing both PS 
and HV components in the early spectra from SN 2009ig 
increases the frequency of blended features. 

The features we want to compare come from many re- 
gions of the spectra, and the shapes and slopes of the 
local continua vary widely. Normalization to a flat con- 
tinuum can help with consistency when a feature is com- 
pared with the same feature at a different phase. The 
process of flattening the continuum can, however, change 
the location of the absorption minima by up to 1000 km 
s~^, and we seek to maintain consistency for measure- 
ments from different parts of the spectra. We measure 
the line profiles and absorption minima as they occur 
from regular flux calibration of the spectra and we do 
not normalize to a flat continuum. 

During the transition from HV dominance to PS dom- 
inance some of the components clearly influence the line 
profile but lack a distinct minimum. Figure [3] shows that 
the PS components first appear as an indentation on the 
red side of an absorption feature dominated by HV. As 
time passes the strength of the HV signal diminishes and 
the PS component becomes strong. At these phases, the 
HV components form indentations on the blue side of the 
PS absorption feature. 

To measure the velocity of an incomplete absorption 
component, we fit a Gaussian to the existing data as 
shown for the HV feature on the blue side of the absorp- 
tion in Figure HJ . We change the position of the Gaus- 
sian minimum until a best fit is selected by eye. Figure |4] 
shows alternative Gaussian profiles with minima at ± 
1000 km s^^ from our best fit. With careful inspection 
it is possible to tell where the position of a trial fit de- 
viates from the data by more than a few hundred km 
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Fig. 5.— Ca II H&K (A3945, left panel) and IRS (A8579, right 
panel) were observed simultaneously on every night from — 14 d to 
—5 d, allowing detailed comparison of both HV and PS components 
from these lines. HV Ca II velocities are much higher than for other 
lines in the earliest data but they decline rapidly and approach the 
mean HV velocity by —5 d. Ca II evolution is slower than for 
other lines, meaning that the HV features persist longer and the 
PS features arrive later. Dotted lines represent the HV region at 
21,500 km s-i and the PS region at 13,000 km s"!. 

s~^. Uncertainties due to this measurement technique 
are 100-1000 km s^^ depending on how well the min- 
ima are defined and on the quality of the data. Figure |3] 
shows that measurement uncertainties are higher for HV 
features measured after —7 d and for PS features mea- 
sured before —11 d. The measured velocities listed in 
Tables [5] and [3] were obtained by fitting a Gaussian to 

the data. 

The SYNOW code (jBranch et al.|[200l is another tool 
for line identification. SYNOW creates model spectra 
that can identify relative line strengths and locations by 
exploring the contributions of individual ions to a com- 
plete spectrum. SYNOW is helpful for distinguishing 
between the relative contributions of different lines in a 
blended feature. 

4. FEATURES FROM THE HIGH- VELOCITY REGION 
(> 20,000 km s-i) 

SN 2009ig is an unusual SN la because the spectra 
have HV features from several different lines, not just 
Ca II. We identify eight lines from five ions that produce 
distinct features for both the HV and PS components 
and are easily measured. HV features from Si II A6355, 
Si III A4560, S II AA5453, 5641, Ca II AA3945, 8579, and 
Fe II AA5018, 5169 can be identified in Figures H El and 



[HI Table [5] gives the HV velocities. 

Other lines certainly produce HV features in the spec- 
tra of SN 2009ig, but blending with other features often 
compromises the measurements and our ability to corre- 
late specific features with individual lines. The follow- 
ing lines show evidence for HV features in the spectra 
of SN 2009ig but accurate measurements are impossible: 
Si II AA3858, 4130, 5051, 5972, Si III A5740, S II A5032, 
5429, S III A4264, and Fe II AA4924, 5129. 

4.1. HV Ca II 



iFolev et aLl (j2012D observed that Ca II absorption fea- 
tures in SN 2009ig are different from other lines in the 
behavior of both the HV and PS components. HV Ca II 
features are deeper, wider, and the velocities are higher 
than for any other lines before the time of B-max. Ca II 
H&K A3945 and IRS A8579 both produce strong HV fea- 
tures in the spectra of SN 2009ig. Figure [5] displays the 
Ca II H&K blend A3935 and the near-infrared triplet 
A8579 in a sequence of spectra from — 14 d to +1 d. 

In the earliest spectra, the minima for both Ca II lines 
are found at about 32,000 km s~^ and both absorption 
features have blue wings that extend beyond 40,000 km 
s^^. For comparison, the highest velocity for any other 
fine identified in SN 2009ig is 26,600 km s^^ for Fe II 
A5018 at —14 d. HV velocities for Ca II exhibit a nearly 
linear decline with time from 32,000 km s^^ at —14 d to 
22,500 km s"""^ at —6 d. This is a faster rate of decline 
than exhibited by other lines. By —6 d, HV Ca II ve- 
locities are less than 1000 km s~^ greater than other HV 
velocities. HV Ca II is detected as late as -1-0 d at about 
21,500 km s~^, but a weakening HV signal and blending 
with PS features make these lines difficult to measure 
after —3d. 

Simultaneous observations of Ca II H&K and IR3 are 
of particular interest as they provide a rare opportu- 
nity to compare the evolution of HV and PS components 
from both Ca II lines that produce the most commonly 
observed HV features in spectra of SN la. In our sam- 
ple, spectra from the MMT/Blue Channel and Lick/Kast 
combine to cover 3200-9000 A from -14 d to -5 d. To 
follow Ca II on later dates, we use a combination of Swift 
data for Ca II H&K and HET data for Ca II IR3. As 
shown in Figure [5] and Table [2l the measured velocities 
and rates of change are very similar for HV features from 
both of the strong Ca II blends. 

As the HV signal weakens and PS features become 
stronger (—8 d to —3 d), measurement of HV Ca II H&K 
A3945 is complicated by the increasing infiuence of PS 
Si II A3858. To determine at what phase measurements 
of HV Ca II H&K are no longer valid, we investigate the 
relative contributions of Ca II and Si II to the absorption 
feature observed near 23,000 km s^^. Since other HV 
lines become undetectable between —7 d and —5 d, we 
examine this feature at —6 d. 

We will assume that the PS component of Si II A3858 
at —6 d is formed in the same region as PS Si II A6355, 
so we use a PS velocity of 13,800 km for Si II that 
corresponds to 20,600 km s~^ in the velocity space of 
Ca II H&K as displayed in the left panel of Figure [SJ 
At —6 d, 20,600 km s~^ is near the red edge of the HV 
feature observed for Ca II H&K. 

At the same phase, we measure the velocity of HV Ca II 
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H&K to be 22,600 km using the absorption minimum 
of the large feature, and HV Ca II IRS is at 23,200 km 
s""'^. This small difference of 600 km s~^ is consistent 
with the assumption that both lines are formed in the 
same velocity space. If, on the other hand, the feature 
at —6 d is attributed to PS Si II A3858, then the velocity 
at minimum would be 16,200 km s^^, which is 2400 km 
higher than the Si II A6355 velocity at that phase. 

Examining the line profiles (Figure [5]) reveals that at 
— 6 d the HV component of Ca II IR3 is relatively strong 
compared to PS, but by —3 d it is much weaker. The left 
panel of the figure also shows that the absorption near 
23,000 km becomes narrower and shifts to the red 
beginning at —4 d. We know from Figure[3]that PS Si II 
becomes deeper and narrower from —6 d through +0 d. 
The figure also suggests that Si II will begin contributing 
t o the absorp t ion by — 10 d. 

iFolev et al.l (j2013D demonstrated that there are con- 
ditions under which the absorption feature attributed to 
HV Ca II H&K can be produced by a combin ation of Si II 
and a particular density profile for Ca II. iWang et al.l 
(|2006D used polarization data in a —6 d spectrum from 
SN 2004dt to determine that Si II provides the domi- 
nant contribution to this blend at —6 d. In §[7] we show 
that the development of spectral features in SN 2009ig 
is delayed ^ 3 day s compared to most other SN la. The 
iWang et al.l (|2006[ ) result can be reconciled with our data 
if we compar e their resul t at — 6 d to SN 2009ig at about 
-3 d. The IFolev et al.l (pOll model for Ca II H&K 
near the time of B-max is a better fit for the spectra of 
SN 2009ig a few days post-maximum. 

The evidence suggests that for SN 2009ig, HV Ca II 
remains the dominant contributor to this feature until at 
least —4 d. Our data do not cover Ca II H&K at —3 d, 
and we assume that Si II becomes the dominant contrib- 
utor soon afterward so we stop measuring this feature at 
-2 d. 

4.2. HV Si 11, Si in, S II, and Fe II 

Figure [5] shows the locations of HV features for Si III 
A4560, S II AA5453, 5641, and Fe II AA5018, 5169. HV 
Si II A6355 is shown in Figure [3] and because this line 
is relatively unbelended, we use it as a general guide for 
interpretation of blended features while noting that HV 
velocities for Si II are about 1000 km s~^ lower than for 
S II and Fe II in the period before i?-max. 

The left panel of Figure [3] shows that the HV compo- 
nent for Si II A6355 in SN 2009ig is clearly dominant from 
-14 d to -12 d. From -12 d to -10 d both the HV and 
PS components make significant contributions to the line 
profile, and from — 10 d to —6 d the HV component con- 
tinues to be detected as a progressively smaller distortion 
on the blue side of the PS feature. The two-co rnponcnt 
nature of this feature was noted bv IFolev et all ([2012). 

Table [2] shows that the highest velocities for each line 
are measured in the earliest spectrum at —14 d. Umax 
for Fe II is 26,600 km s"\ followed by Si III (25,700 km 
s-i) , S II (23,900 km s"!), and Si II (22,800 km s"!). 
This range of velocities may be due to variations in the 
effective opacities for each line. By —12 d, which is less 
than 5 days after the explosion, the HV velocities of all 
lines are grouped together with a mean velocity at 22,600 
km s~^. 

Beginning at about —9 d, the HV features of Si III 



4560, Fe II 5169, and S II 5641 are affected by blends with 
PS features that are increasing in strength. We estimate 
the relative contributions from the HV components as 
described for the blend of HV Ca II H&K A3945 and 
PS Si II A3858 in § jHH and we stop measuring the HV 
velocities when we are unable to identify and measure 
the HV signal. 

HV Fe II A5018 is the strongest part of a blend with 
HV S II A5032 and HV Si II 5051. This identification 
is confirmed by close agreement with the measured ve- 
locities of HV Fe II A5169 from -14 d to -7 d. This 
feature loses a distinct minimum after — 7 d and we stop 
measuring HV Fe II A5018 at that point. 

The location of HV S II lines from AA5453, 5641 are 
marked in Figure |6l The figure shows that both HV S II 
features are stronger at —12 d than they are at —14 d. 
Thus the HV sequence for S II is '~ 2 days later than for 
HV Si II, and HV velocities for S II are higher than for 
Si II but lower than for Fe II. 

A weak double feature for the blend of HV S II wl 
5641 and PS S II A5453 becomes more obvious as the 
PS feature becomes stronger. We measure the redder 
feature for HV S II wl 5641. Weak absorption features 
remain near the location of both HV S II lines through 
—3 d, but the HV component is difficult to identify at 
that phase and we stop measuring HV S II A5453 after 
-6 d and HV S II A5641 after -5 d. 

5. FEATURES FROM THE PHOTOSPHERIC REGION 

We measure photospheric velocities for the same eight 
lines. The locations of PS features for PS Si II A6355 
is shown in Figure [31 Ca II AA3945, 8579 are shown in 
Figure m and PS features for Si III A4560, S II AA5453, 
5641 and Fe II AA5018, 5169 are shown in Figured The 
photospheric velocities are given in Table [3l 

Some PS features are weakly detected in the spectra of 
SN 2009ig at —14 d. PS features are clearly detected at 
— 12 d and they bec ome progressively stronger through 
the time of B-max. IFolev et al.l ()2012f ) note that this is 
the same phase at which the rate of change for B — V 
colors slows down. At — 10 d or —9 d, the PS features for 
most lines are stronger than HV features from the same 
lines, and they continue to strengthen as the HV features 
diminish. By —6 d, the PS components dominate all 
blended absorption features and HV is not detected after 
— 5 d except for Ca II. 

Table [3] shows that the dispersion of PS velocities 
at each phase is less than for HV velocities. PS 
velocities decline steeply from —12 d to — lOd and 
gradually from —10 d to the time of B-max. Af- 
ter maximum, PS velocities remain nearly constant 
through -1-13 d, which is the last day of our observa- 
tions. This general pattern is consistent with the typ- 
ical pattern in SN la fPolev. Sanders, & Kirshncr 201 fl 
iSilverman. Kong. & Fili^penkoir2013l ). 

On average, the photospheric velocities for SN 2009ig 
are about 2000 km s~^ higher than for typical SN la, 
but they are not exceptional. We measure the velocity 
of Si II A6355 at the time of i?-max (vsi) to be 13,400 km 
s~^, and the ch ange in S i II A6355 velocity between -|-0 d 
and -1-10 d {v) (|Benetti et al..,2005i) is 40 km s"^ per day. 
Ou r measurement of y si is 100 km less than reported 
by IFolev et al.l ()2012D who note that 13,500 km s"^ is 
greater than i;si for ~ 85% of SN la with Ami5(i3) < 1.5 
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Fig. 6. — HV and PS features for five lines are marked on a sequence of spectra from SN 2009ig obtained between — 14 d and +0 d. Only 
the wavelength region 4000-5500 A is shown to enhance detail. Dotted lines represent HV at 21,500 km and dashed lines represent 
PS at 13,000 km s~^ for each line. HV features are strongest in the early spectra and PS features are strong later. The timing of the 
transitions and the amount of blending with other lines are different for each line (see text). The phase of each spectrum is marked at the 
red end. 



mag. 

Ca II features behave differently than PS features for 
other hues. PS Ca II is not clearly detected in SN 2009ig 
until —8 d which is ~ 4 days after most lines establish PS 
features. Ca II velocities are about 1000 km s~^ above 
the mean velocity for other PS features at all phases. 

Even with the slightly eccentric Ca II, PS velocities in 
SN 2009ig are tightly grouped during the entire time cov- 
ered by these observations. The low velocity dispersion 
and uniform behavior with time confirm that all PS fea- 
tures are produced in the same line-forming region, but 
the relative PS velocities are not always constant. Be- 
fore B-max, Fe II velocities are found about 800 km s~^ 
above the mean PS velocity at each phase, while after 
i?-max, Fe II is about 1000 km s~^ below the mean. S II 
A5453 velocities are near the mean at most phases while 
S II A5641 is below. Si II A6355 and is about 1000 km 
s~^ below the mean before i3-max but right at the mean 
after i?-max. 

PS Mg II A4481 is a major source of the very strong 
absorption found near 4220 A, but it is blended with 
Fe III A4407 and it is difficult to unravel the relative 
contributions of each line. SYNOW models suggest that 



the Fe III component is stronger than Mg II until about 
-3 d. 

As discussed in § O PS Si II A3858 is blended with 
HV Ca II H&K. We can assume that the development of 
the PS Si II A3858 component is similar to that of PS 
Si II A6355, but due to the blended nature of this feature 
from —9 d to -|-0 d, we do not measure PS Si II A3858. 

PS Si II A4130 is the primary source of the absorption 
observed near 4000 A that is visible as a notch in the 
P-Cygni emission peak from Ca II H&K. The location of 
the Si II feature is distorted by the strong Ca II line, and 
we do not measure PS Si II A413G. This feature is also 
affected by HV S III A4264. 

Most of the PS Fe II features are strongly affected by 
blending with other PS features. PS Fe II 5018 is blended 
with PS Si II 5051 and S II 5032. The Si II and S II hnes 
may pull the observed minimum of this feature to the 
red since the PS velocities for Fe II A5018 are 1000-1500 



km 



lower than for Fe II A5169 from —13 d to —2 d. 



Another strong absorption feature formed by PS Fe II 
A5169 with help from Fe II A5266 and Fe III A5129 is 
found near 4950 A (Figure [6]). As for PS Si II, PS Fe II 
A5169 becomes much stronger after —3 d. The absorp- 
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tion feature from the blend of Fe II A5018, Si II 5051, and 
S II 5032 also gets stronger after B-max, and the emis- 
sion component pushes the minimum for PS Fe II 5169 to 
longer wavelengths. After _B-max, velocities for PS Fe II 
5169 are about 1000 km s^^ lower than are measured for 
PS Fe II 5018 and other PS lines. 

PS A5453 competes with HV A5641 from -12 d to -9 
d. We stop measuring PS A5453 after —5 d when the 
velocity abruptly drops from 12,400 km s^^ at —5 d to 
10,400 km s~^ at —3 d. That is not consistent with the 
other PS lines at this phase including the other S II line 
at A5641. The displacement of the PS A5453 position 
suggests that it is distorted by P-Cygni emission from 
the strong blend of Fe-group lines that form the large 
absorption observed at 4950 A. 

The expected velocities for both PS and HV C II A4743 
fit well with the rows of absorption features near 4370 
and 4480 A (Figure O. If C II A4743 is the source of 
these strong features, then C II A6580 should also be 
detectable. A PS component of C II A6580 at 13,000 km 
s~^ would appear at 3000 km in the velocity space of 
Si II A6355 as displayed in Figure |3l We do not identify 
absorption features at this location. The tiny notch at 
6 200 A is tell uric. 

'Foley ct all (I2012D cite work by 

[Parrent. T homas, fc FesenI ()2011l ) with SYNOW models 
that suggest C II A6580 is present in the early spectra 
of SN 2009ig and causes a flattening of the red wing in 
the line profile of Si II A6355 from -14 d to -12 d. A 
flattened profile is not obvious in Figure [31 In either 
case, if the features at 4350 and 4500 A are not due to 
C II, then we must continue our search for a line near 
4720 A. 

PS features from lines of doubly ionized ions are weak 
at — 14 d and —13 d, and become significantly stronger 
at —12 d. The PS features then disappear at about —3 
d. Figure [6] shows this pattern for photospheric Si III 
A4560. We find that the pattern is repeated for other 
doubly ionized PS features: Si III A5740, S III A4264, 
and Fe III AA4407, 5129. HV S II seems to have the 
same behavior. 

O I A7773 develops a broad PS line beginning about 
—3d but it is much weaker than the O I line found in 
many SN la. This region is easily distorted by telluric 
features, but the apparent minima of the wide features 
near 7400 A from -3 d to +9 d fit with O I A7773 at 
11,000-12,000 km s^^ which is consistent with other PS 
velocities at that time. 

6. COMPOSITION AND DISTRIBUTION OF 
LINE-FORMING REGIONS 

Figure [7] plots HV and PS velocity measurements by 
phase for Si II A6355, Si III A4560, S II AA5453, 5641, 
Ca II AA3945, 8579, and Fe II AA5018, 5169. Ah lines 
contribute both HV and PS measurements to the figure. 
These measurements plotted in the figure are listed in 

Tables [2] and H 

HV velocities for Ca II (circles) behave differently than 
HV velocities for the other lines. At — 14 d the velocity 
difference between HV Ca II and the other HV features 
is about 7000 km s~^, but a faster decline rate for HV 
Ca II reduces the difference to about 1000 km s~^ at —5 
d. As shown in Figure [5j Ca II absorption features are 



exceptionally broad with very high measured velocities. 
The HV Ca II features in spectra of SN 2009ig are typical 
for HV Ca II in spectra of SN la obtained several days 
before _B-max. Features with these characteristics may 
be produced when the light path passes though a deep 
column of material covering a wide range of velocities. 
Due to the very low excitation potentials of the Ca II 
lines (< 1.7 eV), they are capable of producing detectable 
absorptions at lower abundances than other lines found 
in SN la. 

The Fe II lines that produce features in the spectra of 
SN 2009ig also have low excitation potentials (< 2.9 eV), 
and their HV features seem to mimic the Ca II pattern 
but not as dramatically different from other HV features. 
Figure [6] shows that the HV features from Fe II lines 
AA5018, 5169 are wider, deeper, and their minima are at 
higher velocities than other HV features in the spectra. 

Figure [2] shows that at — 14 d the absorption produced 
by HV Si II A6355 is the third-largest feature after the 
two Ca II lines. Fe II catches up to Si II at about —6 d. 
Lines from Si II (> 8.9 eV) and S II (> 13.6 eV) have sig- 
nificantly higher excitation potentials that require higher 
abundances to produce the HV features we detect. 

The HV velocities of Si II, Si III, S II, and Fe II are 
shown in Figure [7] to be contained within a narrow band 
of less than 2000 km s~^ from —12 d to —5 d. That im- 
plies that the HV absorption features are produced in the 
same physical space. By —6 d, HV Ca II velocities join 
this group and are measured to be within a few hundred 
km s^^ of the other HV lines. We do not find evidence 
for carbon or oxygen in the HV region that would be the 
signature of unburned material. 

Figure [7] shows that a velocity gap of about 8000 km 
s~^ exists between the HV and PS regions for all lines 
except Si II A6355, for which the separation is about 
1000 km s~^ less. The HV and PS layers move in par- 
allel though changing decline rates maintaining a nearly 
constant separation. No lines are measured at velocities 
that would place them between these layers. 

SN la are assumed to have homologous expansion so 
that the radial velocity is proportional to the radial dis- 
tance. During the last few days in which HV features are 
clearly observed (— 8 d to — 6 d), both regions have char- 
acteristic velocities of 21,500 km s~^ for the HV layer and 
13, 000 km s""'^ for the PS layer. These velocities imply 
that the radius of the HV line- forming region is ~ 1.6 
times greater than the radius of the PS line-forming re- 
gion at that time. 

Figure [5] shows SYNOW model spectra compared to 
data from SN 2009ig obtained at -11 d and -8 d. These 
phases are chosen because they both include HV and 
PS features and the relative strengths of HV and PS 
components change between — 11 d and —8 d. The data 
are plotted in red. SYNOW spectra from models with 
only PS velocities are plotted in blue as dotted lines. 
SYNOW spectra from models that include both HV and 
PS line-forming regions are the black solid lines. At both 
— 11 d and —8 d the model that includes both HV and 
PS provides a better fit than the model that is PS only. 
The improvement is most obvious in the regions of Ca II 
and Si II features, but it is also evident for the regions 
around Fe II and Si III. 

The SYNOW spectra using only PS velocities produce 
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Fig. 7. — HV and PS velocities are plotted by phase for 8 lines from 5 ions in the spectra of SN 2009ig between —14 d and +13 d. The 
lines and their identifying symbols are listed in the top-right corner. Separate HV and PS line-forming regions are evident with a gap 
between them of about 8000 km at all phases. No features are detected at velocities between the layers. Measurement uncertainties 
are higher for HV features after —7 d and for PS features before —12 d (see discussion in text). These measurements are listed in Tables[2] 
and [3] To reduce overplotting, data have been shifted slightly for Si III A4560 (+0.3 d), S II A5641 (-0.3 d; HV only), and Fc II A5169 
(-0.3 d). 
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Fig. 8.— Spectra from SN 2009ig obtained at -11 d and -8 d 
plotted with model spectra from SYNOW models. The data are 
red. Spectra modeled with only PS velocities are dotted blue and 
spectra modeled with components at both PS and HV velocities 
are solid black. The additional of HV lines clearly improves the fit. 

a Ca II IRS feature that is weak and shifted to longer 
wavelengths because the Ca II lines at —11 d and —8 
d are dominated by the HV component. The relative 
weakness of the PS Ca II IRS feature in the model is 
a consequence of SYNOW setting the optical depth for 
each ion to represent the strongest line (in this case Ca II 
H&K) and then calculating the strength of other lines 
from that ion assuming local thermodynamic equilibrium 
(LTE). 

Figu re |8] can be compared to Figure 4 of [Branch et al.l 
that uses HV Fe II to improve the SYNOW fit 
to a -12 d spectrum from SN 1994D. Additional HV 
contributions from Mg II and Fe III can be added to 
further improve the agreement between SYNOW model 
spectra and the data, but HV features from these lines 
have not been clearly identified in SN 2009ig. We do not 
include them in the velocity tables or plots. 

SYNOW parameters for the models are given in Table 
m In these simple models, the same HV and PS velocities 
are assigned to all ions except for HV Ca II and Fe II. 

7. COMPARISON OF SN 2009ig TO OTHER SN la 

SN 200Sdu, 2005cf, 2009ig, and SN 2012fr are SN la 
for which there are extensi ve ea. rl y spectroscopic ob- 
servations (.Stariishev et all l2007t IWang et al.l l2009al : 
iFolev et al.l 120121: IChildress et al.l l20Ts[ P In each case, 
spectra obtained before — 10 d provide strong evidence 
for HV regions from Ca II and Si II, but HV features for 
other lines were not identified. 

Wang ct al. (2009a) compare their earliest spectrum 
from SN 2005cf (—11.6 d) w ith five early-time spec - 
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(jOuimbv et al.l 120061 ). They report evidence that Si II 
A6355 features in each spectrum include HV components 
that produce flat-bo ttomed or triangular line profiles. 
IGaravini etall (|2007[ ) use SYNOW to model these spec- 
tra plus spectra of SN 1994D (-10 d) and 2002er (-12 
d). They conclude that the Si II A6S55 line profile of 
SN 2005cf at — 11.6 d is best fit by a "detached" region 



of Si II at a velocity of 19,500 km s^-^ an d that all eight 
of the se SN la show evidence of HV Si II. IGaravini et al.l 
(|2007f) find that the best models for each spectrum in- 
clude a detached Si II region at 20,000-21,900 km s'^ 
for all SN except SN 2002bo at -12 d, for which the de- 
tached region is at 24,500 km s~^. In all of these spectra, 
HV Ca II is detected n e ar 30 000 km s"^ 

The IGaravini et all (pOOTI ) model of HV Si II in 
SN 2005cf derives a HV velocity that is about 1000 
km s~^ lower than HV Si II velocities that we find in 
SN 2009ig. T he PS ve l ocities for Si II in SN 2005cf re- 
ported by W ang et al.l ()2009aD are also lower than PS 
v elocities in SN 2 09ig b y the same amount. 

IChildress et al.l (|2013| 1 present a sequence of spectra 
from SN 2012fr that clearly show a separate HV com- 
ponent for Si II A6S55 between — 14 d and —11 d. 
These data are comp ared to SN 2009ig in Figure |3l 
IChildress et al.l (l2013f) explor the CfA archive published 



by Blondir Tet al.l to search for additional evidence 

of HV components in early spectra of other SN la. They 
were able to add SN 2000fa, 2003W, 20061e, and 20071e 
to the list of SN la with spectra obtained before — 10 d 
t hat display HV i:eature s . 

IStanishev et al.l (|2007f ) propose that the strength of the 
HV components from Si II and Ca II lines is correlated: 
if one of these lines produces a stron g HV signature, then 
the other will also have strong HV. iWang et al.l (|2009a[ ) 
support this argument, reporting that HV is strong for 
both Si II and Ca II in SN 2005cf. The IChildress et"all 
(|2013f ) data for SN 2012fr clearly show this correlation, 
and the spectra of SN 2009ig confirm the same relation- 
ship as Si II A6355 and Ca II AA3945, 8579 aU produce 

st rong HV feature s. 

'Sta nishev et al.l ()2007D also show that HV and PS ve- 
locities are similar in SN 2003du and 2005cf with a 
separation between the HV and PS velocities of about 
8000 km s~^. This is the s ame g ap that we observe in 
SN 2009ig. Childre ss et~all (|2013h found similar velocity 
gaps for HV and PS Si II velocities in SN 2012fr. They 
followed the detached HV region several days longer than 
we do for SN 2009ig by using a two-component fit to the 
spectra when the line profiles fit with a sing le Gaussian 
show a residual. The IChildress et al.l (|2013| ) results for 
SN 2012fr show that the gap between layers remains until 
after the time of _B-max but the separation is reduced to 
about 6000 km s^^. There are large uncertainties asso- 
ciated with measuring marginally identified components, 
and this result does not contradict our assertion that the 
HV and PS layers are independent of each other and they 
do not merge. 

The presen ce of H V Si II A6355 is not directly de- 
tected by Wang et all (l2009a) and Garavini ct al. (2007); 
rather, it is inferred from unusual line profiles that are 
wide, square, or triangular. None of their spectra display 
separate and distinct HV Si II features such as found in 
the -14 d and -13 d data for SN 2009ig and the -14 d, 
-12 d, and -11 d data for SN 2012fr. 

All of the line profiles form shapes that fit easily in 
the spectral sequence of SN 2009ig, but the spectra of 
other SN correspond to later phases. For example, the 
Si II A6355 feature in spectra of both SN 2003du and 
2005cf obtained at — 8 d would fit into the sequence of 
SN 2009ig at about -5 d. Si II A6355 features from other 
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phases show similar offsets of 3-4 days. Figure |3] shows 
that the development of HV features and transitions to 
PS features for SN 2012fr is also later than for SN 2009ig 
by a few days. 

The agreement between the SN 2009ig resuhs and 
these well-studied SN la demonstrates that the behav- 
ior of HV hue-forming regions in spectra of SN 2009ig 
is not unique, and in fact is quite common and perhaps 
universal. Altogether there are fourteen SN la in the 
group with spectra obtained at — 10 d or earher and they 
all have HV Si II at velocities near 20,000 km s~^. 

The match of line profiles from early-time spectra of 
other SN la to the spe ctral sequence of SN 2 009ig con- 
firms the suggestion by IStanishev et al.l ()2007l ) that "pe- 
culiar" profiles of Si II A6355 in early spectra of SN la 
can be explained as part of a common evolutionary se- 
quence that includes separate HV and PS components. 
Using spectra of SN 2009ig we demonstrate that similar 
HV components exist for Si III, S II, and Fe II. 

8. SUMMARY AND CONCLUSIONS 

We present a sequence of spectra of SN 2009ig that 
cover 25 of the 28 days from —14 d to -1-13 d with respect 
to the time of B-max. A reliable time of explosion for 
SN 2009ig establishes that our first data were obtained 
only 2.6 d after the explosion. The two earliest spectra in 
our sample (—14.5 d and —13.5 d with respect to i?-max) 
are the first from a SN la to resolve the high-velocity 
component of Si II A6355. Observations of both Ca II 
H&K and IR3 are conducted at many phases, and we 
confirm that the HV and PS line profiles, velocities, and 
evolution are nearly the same for both strong Ca II lines. 

Simultaneous detections of HV and PS features from 
Si II, Si III, S II, Ca II, and Fe II are achieved from -12 
d to — 5 d. Velocity measurements of eight lines from 
five ions demonstrate that HV and PS absorption fea- 
tures from SN la are produced in separate line-forming 
regions. The HV and PS line-forming regions remain 
separated by ^ 8000 km s~^ as long as HV features are 
detected. These results suggest the presence of a den- 
sity enhancement, abundance enhancement, or both, in 
SN la that is sufficient to produce detectable absorption 
features with velocities of 20,000-22,000 km s~i. Us- 
ing characteristic velocities of 21,500 km s~^ for the HV 
layer and 13,000 km s^^ for the PS layer we show that 
in SN 2009ig i?HV « 1.6 x i?ps. 

We map the complete transition from absorption fea- 
tures dominated by the HV component and observed two 
weeks before B-max, to features that are produced by 
exclusively PS absorption after the date of i3-max. The 
line-profiles found in this series clearly require separate 
HV and PS components. We compare these results to 
observations of other SN la and find that the presence 
of HV features of both Ca II and Si II are a frequent 
and perhaps ubiquitous characteristic of SN la observed 
before —10 d. The line-profiles in all early spectra from 
fourteen SN la fit comfortably into the sequence defined 
by the data from SN 2009ig. 
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TABLE 1 

Spectroscopic Observations 



Date 


Phase^ 


Telescope/Instrument 


Range 


(A) 


A Merge'^ (A) 


Alio- 22 ^ 


-14.5 


T.irk /Ki^^i 


3400- 


-9000 


6700 


Aug. 22.6 


-14.4 


Keck I/LRIS 


3100- 


-7860 


6700 


Aug. 23.4 


-13.6 


HET /LRS 


4210- 


-9000 


4225 


Aug. 23.6 


-13.4 


Swift /Ugrism 


3200- 


-4100 


4070 


Aug. 24.5 


-12.5 


Lick/Kast 


3500- 


-9000 




Aug. 25.5 


-11.5 


Lick/Kast 


3500- 


-9000 


4000 


Auff 25 6 


-11.4 


Swift /Ugrism 


3200- 


-4400 


4000 


Aug. 26.5 


-10.5 


MMT/Blue Channel 


3190- 


-8330 




Aug. 27.5 


-9.5 


Lick/Kast 


3400- 


-9000 


6700 


Aug. 27.5 


-9.5 


MMT/Blue Channel 


3180- 


-8270 


6700 


Aug. 28.5 


-8.5 


Lick /Kast 


3400- 


-9000 


6700 


Aug. 28.5 


-8.5 


MMT/Blue Channel 


3180- 


-8320 


6700 


Aug. 29.4 


-7.6 


HET /LRS 


7170- 


-9000 


7210 


Aug. 29.5 


-7.5 


MMT/Blue Channel 


3190- 


-8270 


7210 


Aug. 30.4 


-6.6 


HET/LRS 


4710- 


-9000 


6850 


Aug. 30.4 


-6.6 


MMT/Blue channel 


3180- 


-8250 


6850 


Aug. 31.4 


-5.6 


HET /LRS 


4170- 


-9000 




Sep. 1.6 


-4.4 


Swift /TJgrism 


3200- 


-4900 




Sep. 2.4 


-3.6 


HET/LRS 


4160- 


-9000 




Sep. 3.6 


-2.4 


Swift /Ugrism 


3200- 


-4400 


4200 


Sep. 3.5 


-2.5 


HET/LRS 


4190- 


-9000 


4200 


Sep. 4.4 


-1.6 


HET/LRS 


4180- 


-9000 




Sep. 5.4 


-0.6 


HET/LRS 


4180- 


-9000 




Sep. 6.7 


+0.7 


Swift/Ugrism 


3200- 


-4900 




Sep. 9.4 


-1-3.4 


HET/LRS 


4180- 


-9000 




Sep. 10.4 


-1-4.4 


HET/LRS 


4180- 


-9000 




Sep. 11.5 


-1-5.5 


FLWO/FAST 


3300- 


-7200 




Sep. 12.5 


4-6.5 


FLWO/FAST 


3300- 


-7200 




Sep. 14.4 


-1-8.4 


HET/LRS 


4180- 


-9000 




Sep. 15.5 


-1-9.5 


FLWO/FAST 


3300- 


-7200 




Sep. 16.5 


-1-10.5 


FLWO/FAST 


3300- 


-7200 




Sep. 17.4 


4-11.5 


FLWO/FAST 


3300- 


-7200 




Sep. 18.5 


-1-12.5 


FLWO/FAST 


3300- 


-7200 





Note. — The spectra obtained before Sep. 9 were previously published in 
I Foley et all ^201% . 

^ Phase in days with respect to the time of B^ax (Sep 6.0 (UT) ^ JD 2455080.5). 
^ Wavelength range used for this paper. The complete spectra may cover a larger 
range. 

Wavelength at which this spectrum was trimmed and combined with a contem- 
poraneous spectrum to form a single spectrum for this date. 



TABLE 2 

High- Velocity Features (10"^ km s~^)^ 



Date 


Phase'' 


Ca II 


Si III 


Fe II 


Fe II 


S II 


S II 


Si II 


Ca II 








3945 


4560 


5018 


5169 


5453 


5641 


6355 


8579 


Aug. 


22 


-14 


32.2 


25.7 


26.6 


26.4 




23.9 


22.8 


31.4 


Aug. 


23 


-13 


30.7 




25.2 


24.5 


23.0 


23.1 


22.0 


30.5 


Aug. 


24 


-12 


29.2 


22.8 


24.0 


23.1 


22.1 


22.4 


21.1 


29.2 


Aug. 


25 


-11 


27.9 


22.2 


23.2 


22.8 


21.9 


21.8 


21.0 


28.4 


Aug. 


26 


-10 


26.5 


22.1 


22.7 


22.4 


21.7 


21.0 


20.8 


27.5 


Aug. 


27 


-9 


25.1 


21.7 


22.5 


22.0 


21.6 


21.1 


20.7 


26.2 


Aug. 


28 


-8 


24.0 


21.7 


22.2 


21.9 


21.5 


20.8 


20.8 


25.0 


Aug. 


29 


-7 


23.4 


21.5 


22.0 


21.5 


21.6 


20.6 


20.6 


24.1 


Aug. 


30 


-6 


22.6 


21.3 




21.2 


21.4 


20.8 


20.8 


23.2 


Aug. 


31 


-5 


22.1 


21.1 




21.1 




20.4 




22.9 


Sep. 


01 


-4 


21.3 
















Sep. 


02 


-3 
















21.8 


Sep. 


03 


-2 


21.1 














21.4 


Sep. 


04 


-1 
















21.4 


Sep. 


05 



















21.2 



Note. — Measurement uncertainties are higher for HV features after -7d (see 
discussion in text). 

^ Throughout this paper we represent velocities for blue-shifted absorption features 
with positive values. 

^ Rise time — 17. Id jFolev et al.|[2bl2| ), so first spectrum was obtained 2.6 days 
after the explosion. 
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TABLE 3 

Photospheric Features (10'' km s"-'-)'' 



Date 


Phase*^ 


Ca II 


Si III 


Fe II 


Fe II 


S II 


S II 


Si II 


Ca II 








3945 


4560 


5018 


5169 


5453 


5641 


6355 


8579 


Aug. 


22 


-14 




16.7 


18.4 


18.0 


15.9 


17.0 






Aug. 


23 


-13 




15.2 


16.3 


17.6 


15.5 


16.2 


16.5 




A UP" 


24 


-12 




14.0 


15.1 


16.3 


13.9 


15.3 


15.9 




AuET 


25 


-11 




13.6 


14.5 


15.9 


13.7 


15.2 


15.6 




Auer 


26 


-10 


15.8 


13.1 


14.3 


15.1 


13.5 


15.0 


15.2 




Aug. 


27 


-9 


15.4 


12.9 


13.8 


14.8 


13.2 


14.6 


14.5 


16.0 


Aug. 


28 


-8 


15.4 


12.8 


13.6 


14.6 


13.0 


14.5 


14.2 




Aug. 


29 


-7 


15.2 


12.4 


13.3 


14.4 


12.9 


14.2 


14.1 


15.0 


Aug. 


30 


-6 


14.9 


12.3 


13.1 


14.2 


12.8 


14.1 


13.9 


14.4 


Aug. 


31 


-5 


15.1 


11.9 


12.9 


14.0 


12.4 


13.7 


13.6 


13.9 


Sep. 


01 


-4 


14.9 
















Sep. 


02 


-3 






12.0 


13.5 




13.2 


13.4 


13.8 


Sep. 


03 


-2 


14.8 




12.1 


13.4 




13.0 


13.3 


13.9 


Sep. 


04 


-1 






12.3 


12.7 




12.8 


13.4 


14.2 


Sep! 


05 









12.4 


12.5 




12.9 


13.4 


14.6 


Sep. 


06 


1 


14.6 
















Sep. 


07 


2 


















Sep. 


08 


3 


















Sep. 


09 


4 






12.4 


11.9 




12.8 


13.3 


14.2 


Sep. 


10 


5 






12.6 


11.8 




13.4 


13.3 


14.0 


Sep. 


11 


6 


14.3 




12.7 


11.9 




13.7 


13.2 




Sep. 


12 


7 


14.2 




12.8 


12.0 




13.7 


13.1 




Sep. 


13 


8 












13.2 






Sep. 


14 


9 






12.7 


11.9 




13.2 


13.2 


14.0 


Sep. 


15 


10 


13.9 




12.8 


12.0 




13.5 


13.0 




Sep. 


16 


11 


13.8 




12.8 


11.9 




13.0 


13.0 




Sep. 


17 


12 


13.5 




12.6 


11.8 






12.9 




Sep. 


18 


13 


13.5 




12.8 


11.7 






13.0 





Note. — Measurement uncertainties are higher for PS features before — 12 d (see 
discussion in text). 

^ Throughout this paper we represent velocities for blucshiftcd absorption features 
with positive values. 

^ Rise time — 17. Id JFoley et al.|[2C)12|) , so the first spectrum was obtained 2.6 d 
after the explosion. 



TABLE 4 

SYNOW Parameters for Model Spectra 



Ion 


-11 day 
= 16,000 km 




T 

f phot 


^min ^max 

-8 day 
= 13,800 km 


s-1 


Si II 


3.0 


16 


30 


2.0 


1.2 


16 


30 


2.0 


Si II(HV) 


1.0 


23 


50 


2.0 


0.1 


23 


50 


2.0 


Si III 


0.8 


16 


50 


2.0 


0.8 


13 


50 


2.0 


Si III(HV) 


0.5 


23 


50 


2.0 


0.5 


23 


50 


2.0 


Mg II(HV) 


0.5 


22 


50 


4.0 


0.3 


22 


50 


4.0 


S II 


0.7 


16 


50 


2.0 


0.5 


13 


50 


2.0 


S II{HV) 


0.1 


23 


50 


2.0 


0.1 


23 


50 


2.0 


Ca II 


2.0 


16 


50 


8.0 


2.0 


13 


50 


8.0 


Ca II(HV) 


25 


28 


50 


4.0 


6.0 


26 


50 


4.0 


Fe II{HV) 


0.5 


28 


50 


2.0 


0.05 


23 


50 


2.0 


Fe III 


0.5 


16 


50 


2.0 


0.5 


16 


50 


2.0 


Note. — 


r: reference 


line optical 


depth; v 


Tiin: minimum ve- 



locity; "iJmax: maximum velocity; v^: e-folding velocity of optical 
depth profile. All velocities arc in 10''' km Both models assume 

Teff = 12, 000 K. 



